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Abstract: In this study, it was demonstrated that ice-templating via freeze drying with custom-
made moulds, in combination with air brushing, allows for the fabrication of poly(glycerol sebacate
urethane) (PGSU) scaffolds with hierarchical multilayer microstructures to replicate various native
soft tissues. The PGSU scaffolds were either monolayered but exhibited an anisotropic microstructure,
or bilayered and trilayered, with each layer showing different microstructures. By using freeze
drying with custom-made moulds, the ice crystals of the solvent were grown unidirectionally, and
after freeze-drying, the scaffolds had an anisotropic microstructure, mimicking tissues such as
tendon and skeletal muscle. The anisotropic PGSU scaffolds were also examined for their tensile
strength, and a range of mechanical properties were obtained by altering the reactants’ molar ratio
and polymer concentration. This is of importance, since soft tissues exhibit different mechanical
properties depending on their native location and functionality. By combining freeze drying with
airbrushing, scaffolds were fabricated with a thin, non-porous layer on top of the porous layers to
allow three-dimensional cell co-culture for tissues such as skin and oral mucosa. These results show
that fabrication techniques can be combined to produce PGSU scaffolds with tailored hierarchical
microstructures and mechanical properties for multiple tissue engineering applications.
Keywords: poly(glycerol sebacate urethane); tissue engineering; multilayer scaffold; anisotropic
scaffold; soft tissue
1. Introduction
Tissue engineering (TE) scaffolds temporarily provide the cells with a three-dimensional
(3D) structure until the cells produce their own extracellular matrix (ECM) to replace the
scaffold. Scaffolds should sustain cell growth and collagen production and provide guid-
ance to the newly developed tissue [1]. Ideally, scaffolds should also mimic the native
3D ECM structure to guide cell growth in a specific direction and be produced in a re-
producible and inexpensive manner. The scaffold microstructure is characterised by its
porosity, pore size, pore shape, interconnectivity and orientation. Each of these parame-
ters influences the physical properties (e.g., mechanical properties and degradation rate)
and biological properties (e.g., cell proliferation, cell differentiation, collagen production
and angiogenesis), and ultimately control the growth of the new tissue [2]. One of the
main factors that influence the scaffold microstructure is the scaffold fabrication method,
such as freeze drying, electrospinning or porogen leaching. Freeze drying is a fabrication
technique that involves dissolving or suspending a material in a solvent, which is then
frozen and sublimed, leaving a porous scaffold with a microstructure mirroring the ice
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crystals that formed during the freezing of the solution [3]. Therefore, by controlling the
ice crystal growth during the freezing of the solution, the microstructure of the scaffold
can be designed and manufactured to mimic the ECM of native tissues, a process called
ice-templating (also known as modified thermal induced phase separation).
The focus of this study was to utilise ice-templating based on freeze drying and
custom-made moulds, in combination with airbrushing to fabricate polymer scaffolds
mimicking the microstructure of soft tissues such as skin, oral mucosa and tendon. Fur-
thermore, it is also important to use a biomaterial that is capable of showing tuneable
physical properties in order to match its properties as close as possible to the target tissue.
A promising material to be used as a soft tissue engineering scaffold is a biocompatible
and biodegradable elastomer, poly(glycerol sebacate urethane) (PGSU). Pereira et al. [4]
showed that PGSU had tuneable mechanical properties and degradation rates by alter-
ing the molar ratio of the reactants, as well as excellent biological properties in vitro.
They then proceeded to subcutaneously implant PGSU films in rat animal models for a
40-week period, examining the acute and chronic inflammatory response. No adverse
reaction or any other complications were found over the 40-week period, and, at some time-
points, the PGSU had less foreign body response compared to poly(lactic-co-glycolic acid)
(PLGA), which is a Food and Drug Administration (FDA)-approved material for internal
use. Frydrych et al. [5] used freeze drying to produce PGSU scaffolds and found that by
reducing the ratio of glycerol:hexamethylene diissocyanate (HDI), the degradation rate of
the scaffolds became slower, and the mechanical properties changed. Subsequently, a study
by Samourides et al. [6] examined the control of the microstructure of PGSU scaffolds by
altering the concentration of the PGSU pre-polymer in the freezing solution during fabrica-
tion. It was found that by increasing the pre-polymer concentration, the pore size became
smaller, degradation rate was reduced and mechanical properties were enhanced. It was
also demonstrated that the metabolic activity of fibroblast cells was not affected by the
pore size, but the collagen production, angiogenesis and tissue ingrowth were significantly
better for the PGSU scaffolds that had pore sizes around 28.2 µm when compared to the
other scaffolds investigated [6].
To mimic the architecture of soft tissues, it is necessary to understand their microstruc-
ture and function. Skin tissue functions as a protective barrier to separate the underlying
tissue from the environment. It consists of three layers: the hypodermis, dermis and
epidermis (epithelium), of which the latter two are separated by a basement membrane
(BM) [7]. Culturing a stratified epithelium, as found in the skin, requires an adhesive sur-
face which is porous to nutrients but does not allow cell invasion to support the growth and
differentiation of epithelial cells [8]. Fibroblast cells found in the lamina propria or dermis
support the adhesion of epithelial cells and require a porous scaffold with interconnected
pores which mimic the ECM structures found in native tissue. The hypodermis is a loose
connective tissue with large pore, capable of supporting the growth of large adipocyte cells.
For skin tissue, a biomimetic scaffold should exhibit three layers, i.e., two porous layers
with different pore sizes to support fibroblasts and adipocytes, and a BM-like layer on
top to provide a surface to which epithelial cells can attach and grow without infiltrating
the other two layers. Tendon tissue is comprised of a single tissue layer populated with
tenocytes, but has an oriented microstructure in the load axis to connect a muscle with
a bone and transfer the forces induced from the muscle to the bone to create motion [9].
Therefore, the scaffold for tendon tissue should ideally have an oriented anisotropic, porous
structure to allow tenocytes to penetrate, distribute and produce tendon tissue in a guided
anisotropic structure.
Multilayer scaffolds were fabricated to mimic the multilayer structure of native tissues
using various methods [10,11]. For example, silicon wafer moulds coated with a maltose-
sacrificial layer were used to fabricate double-layer poly(glycerol sebacate) (PGS) porous
scaffold with 50–250 µm pore size for the purpose of cardiac tissue engineering [10]. It was
found that the bilayer structure of the scaffolds provided a platform for cell delivery,
promoted cell growth and had mechanical properties similar to the normal heart muscle.
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However, the disadvantage of the micromoulding fabrication technique is that it requires
multiple steps to prepare the moulds, involves a sacrificial layer to allow the detachment
of the cast polymer and can only produce thin scaffolds, approximately 150 µm thick,
which limits their scalability and application. In another study, casting, moulding and
freeze drying techniques were used to develop a natural triple-layered vascular graft made
out of collagen type I, fibrils and elastin fibres for vascular tissue engineering [11]. Three
tubular moulds that had different sizes were used to build the scaffold layer by layer, and
it was found that the scaffolds exhibited suitable morphologies and properties for vascular
tissue engineering.
In addition, anisotropic monolayer scaffolds were also manufactured for tissues that
require anisotropy [12]. The advantage of having oriented pore architecture is that it can
mimic the natural in vivo ECM of those tissues which require alignment—for example,
tendon and skeletal muscle. Successful attempts to fabricate scaffolds with anisotropic
pore architecture by using freeze drying and custom-made moulds that either produced
temperature gradient due to difference in the thermal conductivity between the mould
materials [13–16], or submerged the solvent into a cold bath at a constant rate [17], were
reported using various biomaterials, such as collagen, gelatin, poly(vinyl alcohol) and
PLGA. The custom-made moulds were comprised of either a metal base and Perspex
walls [13], polytetrafluoroethylene (PTFE) mould placed on a copper cold finger [14], metal
base with polyethylene walls [15] or plastic tubes that had their walls further isolated with
Styrofoam [16]. These moulds induced a temperature gradient during the freezing of the
polymer solution, and after freeze drying, the resulting scaffolds exhibited anisotropic
microstructures but, in some cases, the scaffold microstructures were characterised by a
dense non-oriented layer at the bottom due to a higher cooling rate [13,14]. Generally, the
scaffolds showed optimised mechanical properties in the direction of the pores, and the
new ECM produced was aligned with the pores.
While multilayer and anisotropic monolayer scaffolds were fabricated before and
showed promising results in multiple TE applications, the fabrication techniques used
usually produce small-size scaffolds, require multiple steps and a long fabrication time, and
have limited control between layer microfeatures (pore size, pore orientation, porosity etc.).
This study aims to demonstrate the techniques of ice-templating and airbrushing that can be
combined to fabricate large, complex, hierarchical structures in a controlled manner for soft
TE. PGSU scaffolds were fabricated as two-layer, three-layer and anisotropic single layer.
Ice-templating via freeze drying and custom-made moulds was utilised to produce large
3D porous scaffolds with controlled pore orientation and, in combination with airbrushing,
a thin non-porous film could be deposited on top of the porous scaffold to mimic tissue
structures that intrinsically exhibit a BM. Scanning electron microscopy (SEM) was used
to characterise the microstructure of the PGSU scaffolds. To investigate the potential
applications of the anisotropic PGSU scaffolds, a range of scaffolds were fabricated with
multiple pre-polymer concentrations and glycerol:HDI molar ratios and tensile testing was
used to evaluate the mechanical properties.
2. Materials and Methods
2.1. Materials
Sebacic acid (99%), glycerol (>99%), 1,4-dioxane (anhydrous, 99.8%), hexamethylene
diisocyanate (99%) and Tin(II) 2-ethylexanoate were purchased from Sigma-Aldrich (Dorset,
UK). The aluminium plate (grade 6082T6) was purchased from Aluminium Warehouse
(Hatfield, Hertford, UK) and polytetrafluoroethylene (PTFE) virgin rod was purchased
from Plastock (Buckinghamshire, UK).
2.2. Methods
2.2.1. Synthesis of PGSU Pre-Polymers
Based on previously reported methods [18], PGS pre-polymer (pre-PGS) was synthe-
sised at a 1:1 molar ratio between sebacic acid and glycerol. Both monomers were mixed in
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a three-neck flask, which was attached to a Dean-Stark trap with a condenser and nitrogen
flow. The mixture was allowed to react at 120 ◦C under stirring and a low nitrogen flow
for 72 h. Highly viscous pre-PGS was then formed and stored in a container at room
temperature prior to use.
Porous PGSU scaffolds were synthesised under multiple synthesis parameters in order
to control the pore size, porosity and mechanical properties of the scaffolds.
Firstly, for the multilayer scaffolds, PGSU pre-polymer was synthesised by dissolving
pre-PGS into 1,4-dioxane at the required concentrations (5, 10 and 15 w/v%) and pre
heated to 55 ◦C with 0.05 w/v% of Tin(II) 2-ethylexanoate. Once heated, HDI was added
at a 1:0.6 molar ratio (glycerol:HDI) and left at 55 ◦C for 5 h under constant stirring. For
ease of documentation, the nomenclature of the samples is PGSU-X where X refers to the
concentration of the PGSU pre-polymer (w/v%), 5%, 10% and 15%, in the solvent.
The pre-polymer for the anisotropic scaffolds was synthesised with the same reaction
conditions as those for the multilayer scaffolds, except the PGSU pre-polymer concentration
used were 10, 15 and 20 w/v% in the solvent and glycerol:HDI molar ratios were equal to
1:0.6, 1:0.8 and 1:1.0. The synthesis and fabrication parameters as well as the nomenclature
of the fabricated scaffolds are shown in Table 1.











1 1 - 10 1:0.6
PGSU-
perpendicular
2 1 - 10, 15, 20 1:0.6, 1:0.8, 1:1.0 PGSU-parallel
3 2 - 10, 15 1:0.6 PGSU-bilayer
4 2 1 5, 10, 15 1:0.6 PGSU-trilayer
2.2.2. Design of Ice-Templating Moulds
To control the orientation of the porous microstructure of the scaffolds, three moulds
were designed and build in-house to produce scaffolds with isotropic pores and anisotropic
pores. One of the moulds was built with aluminium all-around (Figure S1A1,A2;
Supplementary Content). It was hypothesised that heat would be isotropically directed
into the solution to produce isotropic ice structure and, after freeze drying, an isotropic
scaffold. This mould is termed as “mould-isotropic”. The other two moulds were com-
prised of aluminium base and PTFE walls. Adding the PTFE walls to the aluminium base,
a difference in thermal conductivity was created, and heat was expected to be directed
anisotropically into the PGSU solution, forming oriented ice crystals. For this purpose, the
moulds were designed in different shapes to create different pore orientations within the
scaffold (Figure S1B1,B2,C1,C2; Supplementary Content). The mould designed to produce
pore orientation perpendicular to the scaffold will be referred to as “mould-perpendicular”,
and the mould for pore orientation parallel to the scaffold will be referred to as “mould-
parallel”. In both cases, pores were expected to orient perpendicular to the bottom surface
of the mould (i.e., the surface in contact with the shelf of the freezing chamber). In the
case of mould-perpendicular, the produced scaffold was investigated directly as fabricated,
without turning it around (Figure S2A2,B2; Supplementary Content), while, in the case of
mould-parallel, the scaffold produced was rotated by 90◦ to consider the perpendicular
direction as the parallel direction (Figure S2C2,C3; Supplementary Content) in order to
mechanically test the scaffolds along the pore orientation direction. For both moulds, the
PTFE walls were detachable to allow for easy removal of the scaffolds.
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2.2.3. Preparation of PGSU Scaffolds
Monolayer PGSU Scaffolds with Controlled Pore Orientation
PGSU pre-polymer solution was cast into either mould-perpendicular or mould-
parallel depending on the desired scaffold dimensions. For the pore orientation perpendic-
ular to the scaffold (referred to as PGSU-perpendicular), the pre-polymer concentration
was kept at 10% (w/v) only, whereas, for the pore orientation parallel to the scaffold (re-
ferred to as PGSU-parallel), eight different scaffolds were fabricated with a pre-polymer
concentration ranging from 10 to 20% (w/v) and glycerol:HDI molar ratio from 1:0.6 to
1:1.0. The samples were placed in a freeze dryer (FreeZone Triad Dry System, Labconco
Co., Kansas City, MO, USA) set at −50 ◦C and left for 3 h for the solution to completely
freeze. The lyophilisation process then started with the shelf temperature heated at a rate
of 1 ◦C/min to 0 ◦C and left for 16 h under vacuum pressure (0.1 mbar). For the secondary
drying stage, the temperature was increased at a rate of 1 ◦C/min to 40 ◦C for another 24 h.
Multilayer PGSU Scaffolds
The multilayer scaffolds are composed of layers that have different microstructures.
The fabrication was done by building the scaffold layer by layer.
A double-layer scaffold was composed of two layers of PGSU-10% and PGSU-15%
(referred to as PGSU-bilayer). To fabricate the PGSU-bilayer, PGSU-10% solution was cast
into mould-isotropic and left to freeze at −50 ◦C for 2 h in the freeze drier. After 2 h, the
solution was completely frozen and PGSU-15% solution was cast on top of the frozen
PGSU-10%. However, before casting the temperature of the pre-polymer solution was
reduced from 55 ◦C (see Section 2.2.1) to 15 ◦C (just above the melting point of 1,4-dioxane:
11.7 ◦C), which was then cast on top of the already frozen base layer (PGSU-10%), allowing
its surface to defrost and immediately freeze back. The mould was subsequently placed
back into the freeze drier and the freeze drying cycle described before was performed.
A three-layer scaffold was fabricated based on the above bilayer scaffold, with a thin
non-porous film on top (to resemble the basement membrane of skin). This trilayer scaffold
was built from base to top, and it is referred to as a PGSU-trilayer. To fabricate this scaffold,
the same method as that of PGSU-bilayer was used, with PGSU-10% at the bottom and
PGSU-15% on top of it. The now 2-layer scaffold was freeze dried following the freeze
drying cycle described before. To add the third non-porous layer, PGSU-5% was prepared
and airbrushing was utilised. For this technique, an air spray gun (Master Airbrush) was
used to spray 2 mL of PGSU pre-polymer solution on top of the scaffold to produce a third
thin layer. Using a published method [19] with slight modifications, the PGSU-5% solution
was fed into a gravity fed cup of a double action/internal mixing spray gun with a nozzle
size of 600 µm and the pre-polymer solution was ejected from a 15 cm distance at a steady
air pressure using an air compressor. The sprayed solution was left to air dry at room
temperature overnight. The PGSU-trilayer scaffold was left to dry for 48 h and then placed
in the vacuum oven for another 24 h at 40 ◦C.
All the aforementioned scaffolds were fabricated with 10 mm thickness (including
PGSU-parallel, which had been rotated by 90◦). The size of the scaffolds fabricated using
mould-isotropic (either bilayer or trilayer) was 100 × 10 mm (diameter × thickness),
using mould-perpendicular it was 85 × 10 mm (diameter × thickness) and using mould-
parallel the scaffold size was 40 × 100 × 10 mm (width × depth × thickness) (Figure S2;
Supplementary Content). The drying processes in the freeze drier and the vacuum oven
also crosslinked the PGSU pre-polymer to make it cured PGSU. After that, all the scaffolds
were washed with ethanol to remove any unreacted substances from its construct. The
washing was done by submerging the scaffolds in 100%, 70% and 50% ethanol (in distilled
water) for 2 h each, and then immersing it in distilled water overnight. Shaking was
also applied on the scaffolds while washing. After that, the scaffolds were left at room
temperature to dry and were stored prior to use.
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2.2.4. Scanning Electron Microscopy
To examine the microstructure of the porous scaffolds SEM was utilised using an FEI™
Inspect F50. The porous samples were attached on an aluminium stub and gold coated
using a High Resolution Polatron Sputter Coater at 15 kV for 1.5 min. To measure the
average pore size ImageJ software was used. The pore radius, r, was calculated using
A = πr2, (1)
with A = pore area. When pore size is mentioned, this implies the pore diameter, which is
twice the pore radius. The images were taken from the top view, cross-section view and
bottom view of the produced scaffolds. Only fully defined pores were used to determine
the average pore size from 50 pores.
2.2.5. Mechanical Testing–Tensile Loading
PGSU-parallel scaffolds were tested for their tensile properties along the direction of
their pore orientation following the BS EN ISO 1798:2008 standard, with reference to ISO
37:2011 for the rate of displacement and test sample dimensions. The instrument used for
tensile testing was an in-house-developed tensile tester that was designed to characterise
soft polymeric materials. The samples were prepared in dog-bone shape (using a test
sample cutter (Type 4) with gauge length = 12 mm, width = 3.25 mm) and tested at a
50 mm/min rate of travel using a 100 N load cell until failure. Sufficient test pieces were
used to provide five breaks within the gauge length.
2.2.6. Statistical Analysis
The statistical analysis was performed using one-way and two-way ANOVA with
post hoc Tukey with null hypothesis set so that there was no interaction between sample
groups, using Graphpad Prism 8.4.0. All measurements were reported as mean ± standard
deviation, and considered significant when p ≤ 0.05.
3. Results
The chemical structure of the PGSU synthesised was previously confirmed using
Fourier-transform infrared spectroscopy [6]. Figure 1 shows the SEM images from the
PGSU-perpendicular scaffolds fabricated using mould-perpendicular. As expected, this
scaffold had a unidirectional pore structure, moving from the bottom to top (perpen-
dicular) forming porous channels (cross-section view), which interconnect with the top
part of the scaffold. The pore size of the PGSU-perpendicular is significantly differ-
ent between its cross-section and top section, with pore sizes of 34.1 ± 9.6 µm and
40.3 ± 4.6 µm, respectively.
The SEM images of the PGSU-parallel scaffold are shown in Figure 2. As described
before, the scaffold was rotated by 90◦ before investigation. The resulting scaffold had a
rectangular parallelepiped shape and the pore direction was unidirectional from the left to
right. A uniform structure is observed with porous channels formed along the horizontal
axis. When it was examined for its cross-section, open pores were found throughout the
scaffold. The uniformity of the pore structure is also demonstrated from the pore size
measurements. The PGSU-parallel scaffold showed no significant difference in pore size
between the top, cross- and bottom sections, and its pore sizes ranged from 67.8 ± 20.0 µm
to 78.8 ± 24.2 µm.
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Figure 1. SEM images of PGSU-perpendicular scaffolds. (A1,A2) Top section and (B1,B2) cross-
section showing anisotropic pores orienting from the bottom to the top of the scaffold.
Figure 3 illustrates the microstructure of the PGSU-bilayer scaffolds. In this case, the
top layer was made from PGSU-15% and bottom layer from PGSU-10%, thus there is a
difference in pore structure when it is observed from the cross-section. The bilayer scaffold
shows both isotropic and anisotropic structures. It is clear where the layers meet and a
good attachment between them is also evident. The pore structure on the surface is similar
to when the scaffold was being imaged from its top and bottom section. The pore sizes of
the PGSU-bilayer were measured, and multiple pore sizes were found depending on the
layer and the section. Considering each layer individually, there was a significant difference
between the pore size of the top layer (PGSU-15%) when compared with that of its cross-
section. A similar observation was found from the bottom layer (PGSU-10%). There was
also a significant difference between the pore size of the different layers, especially in the
cross-section. The pore size for the PGSU-15% layer was 26.2 ± 4.9 µm and the pore size
for the PGSU-10% layer was 74.0 ± 8.4 µm, which is an approximately 2-fold difference.




Figure 2. SEM images of PGSU-parallel scaffolds. (A1,A2) Top section, (B1,B2) bottom section and (C1,C2) cross-section




Figure 3. SEM images of PGSU-bilayer scaffolds. (A1,A2) Top section, (B1,B2) bottom section and (C1–C4) cross-section
(C2 = PGSU-15%, and C3,C4 = PGSU-10%) showing isotropic and anisotropic porous microstructures. The red arrows show
the intersection between the layers of the scaffold.
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The last scaffold that was fabricated was PGSU-trilayer and the results are shown
in Figure 4. In this case, the top layer acts as a BM, which is a thin non-porous film
(~92 µm thick) and, at the same time, the bottom section has an open pore structure.
The bottom two layers of the PGSU-trilayer scaffold exhibited both isotropic and anisotropic
microstructures, similar to the case in the PGSU-bilayer. The connection between all three
layers is also shown with red arrows, which confirms that one solid scaffold can be
fabricated from three different layers, that can be distinguished by their difference in pore
structure and porosities. As expected, the pore size was significantly different between the
bottom two layers of the scaffold, with the upper layer showing a pore size of 20.3 ± 5.0 µm
and the lower layer showing a pore size of 49.2 ± 10.8 µm. This demonstrates that, by
changing the polymer concentration, different pore sizes can be achieved, and that by
attaching these layers on top of each other, a single scaffold can exhibit multiple pore sizes.
 
Figure 4. SEM images of PGSU-trilayer. (A1,A2) Top section showing the non-porous microstructure, (B1,B2) bottom section
and (C1–C4) cross-section (C2 = PGSU-15% and C4 = PGSU-10%) showing isotropic and anisotropic porous microstructures.
The red arrows show the intersection between the layers of the scaffold.
The pore sizes of all the scaffolds described above are summarised in Figure 5 for
ease of comparison. A summary of the scaffolds fabricated in this work is also outlined
in Table 2. Multiple pore structures, pore orientations and pore sizes were obtained using
PGSU, freeze drying with custom-made moulds and airbrushing.
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μ
Figure 5. Pore sizes of the (A) PGSU-perpendicular, (B) PGSU-parallel, (C) PGSU-bilayer, and
(D) PGSU-trilayer scaffolds. CS = cross-section. Results are shown as mean ± standard deviation,
n = 50, * when p < 0.05, ** when p < 0.01 and *** when p < 0.001.
Table 2. Summary results of the different PGSU scaffolds that were fabricated.
Moulds Pore Structure Scaffold
Cross-section Pore Size
(µm)
Mould-perpendicular Anisotropic PGSU-perpendicular 34.1 ± 9.6
Mould-parallel Anisotropic PGSU-parallel 76.9 ± 12.2















The tensile properties of the PGSU-parallel scaffolds at different pre-polymer con-
centrations and glycerol:HDI molar ratios were measured and the results are shown in
Figure 6. It can be noted that, in almost all cases, there was a significant difference between
the ultimate tensile strength (UTS) and Young’s modulus (E) of the samples but not the
elongation at break. This signifies that the glycerol:HDI molar ratio and the pre-polymer
concentration do not affect the elongation at break, except for the scaffolds with 20%
pre-polymer concentration, which were found to be lower than the rest and, in one case,
a statistically significant difference was found.. The scaffolds exhibited a UTS ranging
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from 0.25 ± 0.04 MPa to 1.91 ± 0.10 MPa and an E ranging from 0.33 ± 0.05 MPa to
1.97 ± 0.26 MPa. The biggest difference was found when comparing the scaffolds with
glycerol:HDI molar ratio of 1:0.8 against the case with the ratio of 1:1.0. The UTS and
E both increased by approximately 3-fold, while the elongation at break remained very
similar. This is an advantage of the PGSU scaffolds developed here, because they have the
potential to be used for multiple tissues with varying mechanical properties (e.g., tendon,
skin, ligaments and mucosa) [20,21].
Figure 6. Tensile properties of PGSU-parallel scaffolds; (A) the ultimate tensile strength, (B) Young’s modulus and
(C) elongation at break. The scaffold names are shown as PGSU X:X–Y%, where X:X is the glycerol:HDI molar ratio and Y%
is the PGSU pre-polymer concentration (w/v%) in the solvent. Results are shown as mean ± standard deviation, n = 50.
The symbol * represents the level of statistical difference between the same pre-polymer concentration sample groups, and
the symbol # represents the level of statistical difference between the same glycerol:HDI molar ratio sample groups; # when
p < 0.05, ** when p < 0.01 and ***, ### when p < 0.001.
4. Discussion
This study aimed to fabricate PGSU scaffolds using freeze drying together with
custom-made ice-templating moulds, with or without the airbrushing technique, to pro-
duce microstructures suitable for different tissue engineering applications. Three model
microstructures (anisotropic, bilayer and trilayer with different porous structures) were
fabricated from PGSU scaffolds using different mould designs and different freeze drying
techniques, along with the airbrushing technique.
The objective of ice-templating is to control the microstructure of the scaffold by
controlling the ice crystal formation. Ice-templating is not a new technique, and there are
numerous studies that used it to fabricate anisotropic scaffolds for a range of applications,
including cartilage, skeletal muscle, tendon and neuron [16,22,23]. To characterise the
ice-templating and mould technology, we investigated the thermal profiles of the in-house
moulds (Figure S3). These moulds were designed with the intention of allowing heat
to enter the polymer solution in an isotropic or anisotropic manner, dependent on the
scaffold that was produced. These different moulds were expected to enable (i) the polymer
solution to freeze relatively homogeneously, with heat distributed from multiple directions
within the polymer solution to create an isotropic (random) structure; (ii) the polymer
solution to freeze from only one direction, with heat distributed from one direction to create
a uniform anisotropic (oriented) structure. When mould-isotropic was used to fabricate the
bilayer and trilayer scaffolds, it was found that the scaffolds also showed some anisotropic
microstructure in addition to the isotropic microstructure. The presence of the anisotropic
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structure in the scaffold, while mould-isotropic was used, was also found in some other
freeze-dried scaffolds [24], presumably in part due to 1,4-dioxane having two crystalline
phases (phase I existing between 5–12 ◦C and phase II between −140–5 ◦C); in phase I, the
1,4-dioxane ice crystals grow upwards, and in phase II they begin to form branches on the
already formed ice crystals [25]. In addition, the polymer solution (with a total height of
10 mm) in mould-isotropic froze at its bottom (0 mm height) and middle (5 mm height) with
11 min difference, shown in Figure S3A (Supplementary Content) which induced a modest
anisotropic heat transfer and, therefore, some anisotropic structure. While the height of
the polymer solution used to create each porous layer of bilayer and trilayer scaffolds was
only 5 mm, the modest anisotropic heat transfer should also have been presented during
freezing, leading to some anisotropic microstructures, in particular in the lower region of
the scaffolds. The solution in the upper region froze in a more isotropic manner, resulting
in a more isotropic microstructure (in the second layer for PGSU-bilayer (Figure 3) and mid
layer for PGSU-trilayer (Figure 4). When the walls of the mould were insulated using PTFE
(low thermal conductivity), the polymer solution froze from the bottom to the top, resulting
in an anisotropic heat transfer and, therefore, anisotropic scaffold microstructure, as in
Figures 1 and 2. The term “isotropic” means that the scaffold exhibits the same structure
and properties (mechanical properties, permeability, etc.) when viewed from any direction,
while “anisotropic” distributes the structure and properties to a specific direction (along
the pore alignment).
The PGSU-parallel scaffolds were prepared with multiple conditions, aiming to quan-
tify the range of mechanical properties that such scaffolds can achieve. The mechanical
properties of a scaffold depend on several factors, such as the properties of the polymer, and
the pore size, porosity and pore orientation of the scaffolds [5,6,26]. In previous studies, it
was found that PGSU scaffolds can exhibit different properties by either changing the glyc-
erol:HDI molar ratio or changing the pre-polymer concentration. Frydrych and Chen [5]
fabricated PGSU scaffolds for soft TE and characterised the effect that the glycerol:HDI mo-
lar ratio has on the mechanical properties of the scaffold. It was found that by reducing the
glycerol:HDI ratio from 1:0.4 to 1:0.6, the scaffolds exhibited a UTS between 18 and 22 kPa,
E between 30 and 40 kPa and elongation at break between 49 and 82%. Another study from
us [6] showed that by increasing the pre-polymer concentration of the PGSU solution, the
fabricated scaffolds exhibited more uniform microstructures, with a UTS and E between
0.05-0.86 MPa and 0.05–0.65 MPa, respectively. In this work, both variables, glycerol:HDI
molar ratio and pre-polymer concentration, were combined, to further characterise the
mechanical properties that can be achieved by PGSU scaffolds. It was found that the UTS
(0.25–1.91 MPa) and E (0.33–1.97 MPa) of this study were 1–6 times higher than the scaffolds
fabricated by Samourides et al. [6] and 10–85 times higher from the scaffolds fabricated by
Frydrych and Chen [5]. This significant difference in mechanical strength is attributed to
the fact that the HDI:glycerol molar ratio and pre-polymer concentration in this study were
higher, and that the anisotropic microstructure made the scaffolds exhibit higher strength
and more resistance to deformation over the axis of elongation. This means that the PGSU
scaffolds can be fabricated for more tissues, which require a better mechanical support in a
single direction, such as skeletal muscle and tendon tissues.
Multilayer ECM structures are usually found when a tissue is composed from multiple
cell types and functionalities. Such tissues could be skin and oral mucosa [27]. These tissues
have different tissue layers and are separated by a BM, which functions by separating the
tissue layers while allowing gas/nutrient exchange and cell communication. Research in
fabricating multilayer scaffolds has been successful in the past, using multiple materials
(collagen, poly(ε-caprolactone), PLGA) and fabrication techniques (porogen leaching,
electrospinning, freeze drying, 3D printing) [28–30]. The aim of all these studies, including
this work, was to mimic the complex hierarchical multilayer characteristics of native ECM,
which has been shown to guide tissue development and stem cell differentiation [29,31].
Tissue development may be enhanced by varying the pore size, porosity and mechanical
properties. For example, in cartilage tissue engineering a bilayer scaffold was fabricated
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with PLGA and collagen [32]. These scaffolds were then seeded with mesenchymal stem
cells (MSCs) and, 4 months after implantation into a 1-year-old beagle, osteochondral
tissue was regenerated with cartilage- and bone-like tissues in each respective layer [32].
Here, we propose a similar approach; however, to fabricate the hierarchical multilayer
scaffolds, two fabrication techniques were combined, freeze drying and airbrushing, using
the same polymer. The combination of these techniques allowed for the design of novel
PGSU scaffolds that either exhibited a thin non-porous layer (BM-like structure) or multiple
porous layers with different pore structures, sizes and porosities. The difference in pore
structure, size and porosity is there to provide the appropriate structure either for MSCs to
differentiate to localised specific cells or for those specific cells to be seeded individually
and reside within a biomimetic environment. The BM-like structure, as a third layer of the
scaffold, is there to restrict the epithelial cells from penetrating into the porous section of
the scaffold, where fibroblasts are supposed to reside.
While further investigation is required, the present study demonstrates a relatively
simple method to fabricate synthetic scaffolds with hierarchical architecture using the same
polymer for skin, tendon tissue engineering and possible other tissue engineering applica-
tions. Where desirable, different polymers with other physical and biological properties
may also be used to fabricate the hierarchical and controlled microstructures demonstrated
in this work. With some improvements in the fabrication techniques and adjustment of
the cell co-culture methods to suit this study’s microstructures, such scaffolds have the
potential to be used as a skin or an oral mucosa tissue equivalent to measure toxicity,
drug delivery and to model diseases (similar to [33–35]), as well as for the purpose of
regenerating skin or oral mucosa tissue. PGSU, in terms of scalability, can be synthesised
and fabricated into large quantities at a low cost; the scaffold is reproducible, and with
controlled chemical synthesis and freeze drying, the reproducibility could be high. Fur-
thermore, there are multiple ways to alter both the mechanical properties and degradation
rates of the polymer scaffolds (e.g., by changing the glycerol:HDI molar ratio and/or the
pre-polymer concentration in the freeze drying solution).
5. Conclusions
Combining freeze drying with custom-made ice-templating moulds with or without
airbrushing, scaffolds can be produced with complex, hierarchical, multilayer structures
with different pore structures, pore sizes and porosities. This initial study indicates that
in-house designed moulds can direct the heat transfer during pre-freeze stage, leading to
anisotropic PGSU scaffolds. This study has also demonstrated a simple method to fabricate
multilayer scaffolds, distinguished by their pore size using freeze-drying. Potential appli-
cations of the PGSU scaffolds fabricated in this work are tissues that exhibit anisotropic
structure and multilayer, such as tendon, muscle and skin tissues. The characterisation of
the mechanical properties of these scaffolds has indicated that these properties depend on
the synthesis and fabrication method used and a large range of mechanical properties can
be obtained to further mimic native tissues.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11115004/s1, Figure S1: In-house designed moulds for scaffold fabrication., Figure S2:
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under investigation., Figure S3: Thermal profile of the PGSU pre-polymer/1,4-dioxane solution
during freezing using the different moulds.
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